The bias favoring deletion over inversion in D H -J H rearrangement has been known for years, but the underlying mechanism has yet to be fully defined. It has been suggested that the ratio of deletion/inversion is determined by the combined effect of two factors: (i) the relative strengths of 5Ј and 3Ј recombination signal sequences (RSS) of a D H segment, and (ii) the efficiency with which the deletional product (one joint) forms relative to the inversional product (two joints). In this study, we analyzed for the first time the effect of factor 1 alone on the biased 3Ј RSS utilization in 
Introduction
The variable region of an IgH gene is assembled from V H , whereas the V H and J H segments are flanked by RSS with 23 bp spacers. After recombination, the coding gene elements D H and J H DNA segments by V(D)J recombination. Joining of D H and J H segments takes place first during the developare fused to form the coding joint. The reciprocal product, the head to head fusion of the two RSS, becomes the signal ment of B lymphocytes. A V H segment is then juxtaposed to D H-JH to create a complete variable region gene (1) (2) (3) (4) . V(D)J joint (9,10). Because each D H is flanked by RSS on both sides, either recombination is mediated by highly conserved sequence motifs flanking each gene segment and called recombination the 5Ј or 3Ј RSS could potentially mediate recombination during D H -J H rearrangement. When the 3Ј RSS is utilized, the signal sequences (RSS). The RSS consists of a palindromic heptamer (consensus sequence CACAGTG) and an A/T-rich sequence between the two joined segments is deleted as a circular DNA molecule (11,12; Transmitting editor: K. Knight Received 11 September 1996, accepted 24 December 1996 development appears to occur predominantly by inversion (26,27). Thus, there is little evidence for an underlying genetic problem with inversion per se in V(D)J recombination (28) . Several theories have been advanced to explain the preference for deletion over inversion in the Ig HC locus. First, since the D H 3Ј RSS are physically closer to the J H RSS, they may be favored by the recombinase machinery over the 5Ј RSS located at a further distance (15). However, analysis of recombination products of extrachromosomal V(D)J recombination substrates failed to demonstrate an intrinsic topological preference for the proximal RSS. Instead, the specific sequences of the signal and coding ends appeared to determine the preferential joining by deletion (10,29). A second theory explained the preference for deletion on the basis that it requires formation of a single joint whereas inversion requires two. Hence the deletion/inversion ratio might be determined by at least two factors: (i) the efficiency of the initiation reaction of V(D)J recombination (recognition/ binding and cutting by the recombinase machinery), which is influenced by both coding end sequences and RSS (5,10), and (ii) the ligation efficiency of coding and signal joints, one joining event (coding joint) for deletion and two (coding and signal joints) for inversion (29; Fig. 1 ). In previous work, the extrachromosomal substrates contained both 5Ј and 3Ј RSS of the D H on the same plasmid (29), so it was not possible to discriminate between these two factors.
Another interesting phenomenon of IgH recombination is the ordered rearrangement in which D H -J H precedes V H to D H -J H recombination. This can be regulated through differential efficiencies of V H -D H and D H -J H recombination and/or the temporal accessibility of V H , D H and J H segments to the recombinase machinery. It has been shown that the IgH µ enhancer is required for apparent accessibility of V, D and J segments to the recombinase machinery in both endogenous IgH locus (30, 31) and in an integrated minilocus (32, 33) . However, the potential role of the RSS/coding end sequence in the ordered IgH rearrangement has not been examined.
In this study, we address for the first time whether the 3Ј RSS of a D H segment is more efficient than the 5Ј RSS. To this end, we inserted the 5Ј and 3Ј RSS (along with 12 bp of CATTGTGAACTTGAACAAAAATTCTCGG-3Ј.
All plasmids used in this study were derived from pD i J i Extrachromosomal substrate V(D)J recombination assay (29) . D sp2.4 , a member of the murine D sp family (35) , was chosen to represent the D H segment in this study. Joining
The V(D)J recombination assay has been described in detail partners for D sp2.4 were J3 (36), a murine J H segment, and previously (12,34). Briefly, 3ϫ10 6 cells were transfected with PJ14 (2) and OX2 (37), members of a murine V H family Q52.
0.5 µg of plasmid substrate by the DEAE-dextran method The D H coding sequence and either the 5Ј or 3Ј 12 bp spacer (38) . After transfection cells were incubated at 37°C for 48 h. RSS are contained in a cassette with SalI cleavage sites on It has been shown that V(D)J recombination activity in pre-B both sides. The J H coding sequence and its 23-bp-spacer lymphoid cell lines is increased by agents that elevate cAMP, RSS are contained in a cassette with BamHI cleavage sites.
such as caffeine (39) . In experiments using the cell line 38B7 To construct substrates containing D H 3Ј RSS, the SalI-SalI and 38B9, caffeine (ICN Biochemicals, Irvine, CA) at a final fragment of pD i J i was replaced by a 51 bp oligonucleotide concentration of 2 mM was added to the cultures 24 h after containing the last 12 bp of D sp2.4 coding sequence and its transfections. Preliminary assays were performed to determine 3Ј RSS. This generated an intermediate plasmid, pD sp(3Ј) J i .
the optimal concentration of caffeine (data not shown). The To construct pD sp(3Ј) J3, pD sp(3Ј) PJ14 and pD sp(3Ј) OX2, the heat shock inductions of RAG 1 and 2 in HDR37 cells were BamHI-BamHI fragment of pD sp(3Ј) J i was replaced by a performed 16-18 h post-transfection. 61 bp oligonucleotide containing the 12 bp coding sequence
In the induced HDR37 cells, a fraction of the plasmid proximal to RSS and RSS of J3, PJ14 and OX2 respectively.
substrates undergoes V(D)J recombination. This will result in Plasmids containing D H 5Ј RSS, including pD sp(5Ј) J3, the deletion of a prokaryotic transcription terminator on the pD sp(5Ј) PJ14 and D sp(5Ј) OX2, were constructed in the same plasmid which otherwise would interfere with the expression way by using a 51 bp nucleotide containing the first 12 bp of of a downstream chloramphenicol acetyltransferase gene in D sp2.4 coding sequence and its 5Ј RSS. A diagram of the Escherichia coli. Thus, to assess the frequency of recombination, plasmid DNA is recovered from the murine cells by the plasmids used in this study is shown in Fig. 2 . a Transfections of cell lines indicated were done in triplicates. Caffeine (2 mM) was added 24 h post-transfection. Plasmids were recovered 48 h after transfection, restricted with DpnI and transformed into bacteria. The recombination frequency, R, of the substrates was calculated by the ratio of CA (the number of replicated, recombinant plasmids) to DA (the total number of replicated plasmids).
alkaline-SDS lysis method (40) and introduced into E. coli sequences between them had been appropriately deleted. Therefore, the majority of the recombined plasmids were DH10B (Gibco/BRL, Gaithersburg, MD) by electroporation using a BioRad Gene Pulser. Plasmids that underwent the products of V(D)J recombination. The frequencies of recombination mediated by random deletion were also D H -J H rearrangement in HDR37 will confer resistance to both ampicillin and chloramphenicol, whereas unrecombined measured by using pD sp(5Ј) PJ14-H -which is identical to pD sp(5Ј) PJ14 except that the heptamer of the 23 spacer plasmids confer only ampicillin resistance. V(D)J recombination appears to occur only among replicated plasmid DNA RSS has been randomized (a change from CACAGTG to ACCGCTA). The average R value of pD sp(5Ј) PJ14-H -was (10). Therefore, to obtain a more reliable measure of recombination frequencies (R), non-replicated plasmids were first Ͻ0.005%. eliminated prior to E. coli transformation. To accomplish this, plasmid DNA was treated for 16-18 h with DpnI, a treatment
Results and discussion that linearizes non-replicating plasmids that maintain their prokaryotic dam methylation (G m ATC). The completion of DpnI
The 3Ј RSS and the associated coding end sequence of digestion was assessed by treating plasmid DNA prepared D sp2.4 mediate D H -J H recombination more efficiently than the directly from E. coli followed by transformation. The trans-5Ј RSS/coding end sequence formation efficiency was Ͻ1 transformant/µg plasmid DNA. Transformants arising on ampicillin plates from plasmid DNA To analyze the influence of the 3Ј and 5Ј RSS/coding end sequence alone on the preference for recombination by treated with DpnI are designated DA. Colonies arising on ampicillin ϩ chloramphenicol plates (recombinants) are desdeletion in the absence of the potential effect of the number of joining events, the two deletional plasmids pD sp(5Ј) J3 and ignated AC. R values are calculated as AC/DA, which reflects the fraction of replicated plasmid substrates that has underpD sp(3Ј) J3 were used as substrates in the V(D)J recombination assay. It was observed that recombination in pD sp(5Ј) J3 was gone V(D)J recombination in the eukaryotic cells.
The recombination frequency of a given plasmid substrate less efficient compared with pD sp(3Ј) J3 in two different pre B cell lines (Table 1 ). The average R value of pD sp(3Ј) J3 comin a given pre-B cell line varies from one experiment to another (12,34 and unpublished data). However, similar pared with pD sp(5Ј) J 3 was found to be six times greater in 38B7 cells and 3.5 times greater in 38B9 cells. This indicates relative differences were observed from independent experiments when comparing recombination frequencies of a given that the 3Ј D H RSS/coding end sequence mediates recombination more efficiently than 5Ј D H RSS in D H -J H joining. Thus, set of plasmid substrates. Transfections of different plasmid substrates that are compared in a table were performed in a the effect of RSS/coding sequences alone can contribute to the biased use of 3Ј RSS of D H resulting in D H -J H joining single experiment on the same day.
To confirm that recombined plasmids were the products of by deletion.
The relative strength of a given recombination substrate recombination mediated by RSS, plasmid DNA was prepared in some experiments from 12 antibiotic double-resistant may be explained by the sequence of RSS and the particular coding end sequence, both of which can influence the colonies per plasmid substrate (total 72 recombinant plasmids) and DNA sequences near the RSS were determined recombination frequency of plasmid substrates (5,10). The first three bases of the consensus heptamer (CAC) are the using a dideoxynucleotide DNA sequencing kit (Sequenase; US Biochemical, Cleveland, OH). The majority (69 out of 72) most important. Deviations from the consensus in these bases drastically decrease recombination frequencies to Ͻ5% of of the recombined plasmids still contained sequences from both coding ends indicating that the two RSS and the the consensus. Also critical are the sixth and seventh bases a Transfections of cell lines indicated were done in triplicates. Caffeine (2 mM) was added 24 h post-transfection. Plasmids were recovered 48 h after transfection, restricted with DpnI and transformed into bacteria. The recombination frequency, R, of the substrates was calculated by the ratio of CA (the number of replicated, recombinant plasmids) to DA (the total number of replicated plasmids).
of the nonamer. Substitutions in other bases result in less than the 5Ј RSS by factors as high as 1000 (13,14). Only 4-to 6-fold differences were observed in this study (Table 1) . drastic decreases in recombination frequencies (15-50% reductions) (5). Indeed, the 3Ј RSS of D sp2.4 contains a However, the previous studies cited are limited by the use of PCR analyses. Studies of bone marrow pre-B cells, which are heptamer (CACAGTG) and nonamer (ACAAAAACC) identical to the consensus, whereas the 5Ј RSS has a less perfect known to clonally expand, measure not only any recombinase preferences, but also selection pressures resulting from parheptamer (CACAGTA) and nonamer (ACAAAAATC). In V H to D H-JH recombination, the only available RSS is the 5Ј one. It was of interest, however, to compare the relative Most of the murine D H coding sequences have a C at their 3Ј ends, which has been shown to mediate the initiation of strength of the 5Ј and 3Ј RSS/coding end sequences when a V H gene segment is the joining partner. As shown in Table 2 Table 3 , the R values of pD sp(3Ј) PJ14 recombination. Although accessibility of a locus to the recombinase were consistently higher than those of pD sp(3Ј) J3 (3.7-fold greater in 38B7 and 6.4-fold greater in HDR37). pD sp(3Ј) OX2 machinery as a means of regulating rearrangement has been theorized for years (42, 43) , the molecular mechanisms also resulted in higher recombination frequencies compared with pD sp(3Ј) J3 in both cell lines. The results indicate that the governing accessibility and its control are still poorly understood. Accessibility is reflective of a particular chromatin 3Ј end of D H can mediate recombination to a V H gene segment more efficiently than to a J H gene segment in the configuration. The state of chromatin can be assessed experimentally by three parameters: (i) transcriptional activity, extrachromosomal V(D)J recombination assay. This means that if all three gene segments were accessible to the (ii) DNase I sensitivity and (iii) methylation. Although transcription of gene segments has been shown to parallel V(D)J recombinase machinery during the first step of IgH recombination, both V H and J H segments could be joined to the 3Ј of rearrangement (32, 44, 45) , there is no direct evidence to substantiate an obligate link between recombination and the D H segment. These data further strengthen the notion that V H -D H recombination is a more regulated process than D Htranscription (44, (46) (47) (48) (49) . Studies of endogenous Ig and TCR loci have shown a correlation between recombination and J H recombination (31, 32, 41) .
As noted above, the data shown here are counter-intuitive DNase I sensitivity (50,51). However, the molecular biology of suggested that methylation serves as a signal to switch the domains supplemented with nuclear extracts from lymphoid Cell 49:775. precursors. In contrast, the V H locus in intact nuclei purified 13 that the relative strength of the 3Ј over 5Ј RSS/coding end 
